Key Words hydrogen bonds, water-mediated recognition, electrostatic screening, packing densities, thermodynamic view, protein-DNA interactions s Abstract Is it by design or by default that water molecules are observed at the interfaces of some protein-DNA complexes? Both experimental and theoretical studies on the thermodynamics of protein-DNA binding overwhelmingly support the extended hydrophobic view that water release from interfaces favors binding. Structural and energy analyses indicate that the waters that remain at the interfaces of protein-DNA complexes ensure liquid-state packing densities, screen the electrostatic repulsions between like charges (which seems to be by design), and in a few cases act as linkers between complementary charges on the biomolecules (which may well be by default). This review presents a survey of the current literature on water in protein-DNA complexes and a critique of various interpretations of the data in the context of the role of water in protein-DNA binding and principles of protein-DNA recognition in general.
CURRENT MODELS FOR PROTEIN-DNA RECOGNITION
How to recognize DNA of specified length and base sequence is the problem that has occupied some of the best minds in structural and molecular biology for over five decades now with no solution as yet (14, 71, 75, 95, 103, 123, 126, 131, 136) . Proteins routinely recognize DNA specifically to regulate gene expression. A resolution of this problem has immediate implications in the design of DNA binding drugs and in demystifying noncovalent intermolecular recognition. Advances in X-ray and NMR studies have led to structural characterization of close to 600 protein-DNA complexes (5, 6, 15) , which revealed several general features on the mode of protein-DNA interactions, and attempts have been made to classify these structures into different groups on the basis of DNA binding motifs such as helix-turn-helix, leucine zipper, and zinc finger (40, 74) . Inspection of protein-DNA complexes at an atomic level reveals that contacts between DNA and protein could be explained in terms of direct hydrogen bonds, water-mediated hydrogen bonds, van der Waals, electrostatic, and hydrophobic contacts. Role of DNA structure and its sequence-dependent structural adaptation to facilitate protein binding, contribution of released DNA-bound counterions, and interfacial waters to the thermodynamics of binding are less well understood. Despite the numerous significant efforts to delineate forces responsible for specific binding, no simple rules for recognition transferable across systems have evolved. DNA recognition is still considered idiosyncratic and motif/case specific (58, 76, 81, 88, 94, 96, 119, 129, 135) . We have developed an atlas of the binding free-energy components for over 120 protein-DNA complexes (19, 20, (50) (51) (52) , investigated the role of waters in protein-DNA recognition (110) , and more recently identified a set of supramolecular synthons transferable across all protein-DNA complexes. A summary of the above-cited studies with a special focus on the role of waters in protein-DNA recognition is presented below.
Hydrogen bond formation solved the mysteries associated with secondary structure formation [alpha helices and beta sheets in proteins (97, 98) and double-helix formation from single strands in DNA (138) ]. The grooves of DNA are rich in hydrogen bond functional groups (118) . The AT base pair provides N3 (H-bond acceptor) and O2 (acceptor) atoms in the minor groove and N7 (acceptor), NH 2 (6-amino donor), and O4 (acceptor) atoms/groups in the major groove. The GC base pair provides NH 2 (2-amino donor), N3 (acceptor), and O2 (acceptor) in the minor groove and N7 (acceptor), O6 (acceptor), and NH 2 (4-amino donor group) in the major groove. If hydrogen bond formation were the sole mechanism of recognition, this information should suffice to distinguish GC, CG, and AT/TA base pairs from each other because of the order in which the acceptor and donor functional groups appear in the grooves. If this view is supplemented by hydrophobic contacts to thymine methyl groups in the major groove, the AT base pair can be distinguished from TA. The first crystal structure of a protein-DNA complex, e.g., the EcoRI endonuclease-DNA complex (82) , showed 12 hydrogen bonds between guanines of DNA and arginines of protein and between adenines of DNA and glutamates and arginines of protein. Systematic mutational studies undertaken (EcoRI * activity investigations) further corroborated the view that hydrogen bonds could explain specific binding in this system. For a short time it seemed that the protein-DNA recognition problem was solved. Subsequent structural studies clearly indicated hydrogen bonds between amino acids and base pairs (such as the preference of glutamine for adenines in some repressor-operator complexes and that of arginine for guanines in zinc fingers) (21, 124) , but no clear amino acid base correlation or rule emerged. Also, far greater numbers of intermolecular hydrogen bonds are observed in protein-DNA complexes than in permanent and nonobligate protein-protein complexes (1.4 per 100Å 2 compared with 0.7 and 1.1, respectively) (58) . Then came the exception, namely, the trp repressoroperator-specific complex, which showed not even one direct hydrogen bond to the bases (93, 121) . Several water-mediated contacts between protein and DNA were observed, however. The series of studies following this indicated that hydrogen bond formation [called the direct, or digital code (131)] might be just one aspect of the many facets of protein-DNA recognition. More recently, C H · · ·O hydrogen bonds have also been advanced as contributing to specific binding (33, 78, 137) .
Sequence-dependent DNA structure and its flexibility as an alternative mechanism for recognition by proteins started gaining ground at about this time. Noncontacted bases in 434 repressor-operator complexes contributed to binding, implying a role for base sequence-induced DNA structure (65) . Crystal structures of specific complexes of DNA with catabolite gene activator protein (where DNA bends by ∼90
• ) (116) and integration host factor (where DNA takes a U-turn) (111) , and TATA binding protein (29, 60, 61, 91) vividly illustrate the sequence-dependent DNA bendability/deformation or structural adaptation. As not all sequences could assume these shapes without significant energy expense, it became evident that intrinsic flexibility of DNA structure should play a role in recognition (16, 18, 37, 92, 148) . This is considered an indirect/analog code for DNA recognition (131) . Integration host factor (IHF) for instance is reported to recognize its cognate sites through indirect readout, with DNA twist playing a major role (77) . It is apparent that proteins use electrostatic (including hydrogen bonding) and van der Waals interactions to overcome energy penalty for deformation, with the right sequences presumably requiring less deformation energy.
Embedding basic residues on the protein to recognize the polyanionic DNA appears to be one of the simplest strategies conceivable. Histone proteins in fact do exploit this mode of binding, albeit nonspecific, for some extremely efficient packing of DNA (70) . The regulatory proteins and enzymes do not necessarily carry a large net positive charge to facilitate long-range Coulomb attraction, and some DNA binding proteins even carry a net negative charge [e.g., EcoRI endonuclease (−4), met repressor (−8)]. Detailed structural analysis of the DNA binding proteins does indicate an overall asymmetry in charge distribution irrespective of the net charge, with the DNA binding side containing an excess positive charge and the farther side an excess negative charge (52) . This seems to suggest an anchoring (parking)/orientational role for charged residues, such that the negatively charged side of the protein turns away and the positively charged side faces DNA during binding. Also asymmetric neutralization of phosphates by basic residues is observed to facilitate DNA bending (35) . Cation-π interactions add a new phenomenological view to the analysis (144) , although theoretical analyses of the binding energetics based on molecular mechanics include the C H · · ·O and cation-π interactions implicitly in the van der Waals and electrostatic terms.
Steric complementarity, static or dynamic, as a primary mode of recognition has a 100-year history in the context of enzyme-substrate interactions (lock-and-key fit and variations thereof) (67) . In reference to protein-DNA complexes, the DNA binding proteins have concealed thus far signatures of any such negative imprints of the shapes of DNA grooves or backbone conveying complementarity messages. Detailed examination of the protein structures does reveal that a substructure or a secondary element [alpha helices in a majority of the cases and beta sheets in a few cases (101) ] is typically involved in a snug fit in the major groove of DNA, wherein these make good van der Waals contacts. We have previously noted that van der Waals component of the protein-DNA interaction energy correlates well with loss in solvent-accessible surface area of DNA upon protein binding (52) A role for small ions as regulators of specificity in protein-DNA recognition was proposed a couple of decades ago (109) . Salt effects in general oppose binding between two oppositely charged biomolecules owing to ion atmosphere and screening. Ion atmosphere around DNA has an additional dimension. It is now well established that DNA being a polyanion is surrounded by a sheath of counterions, called condensed counterions, some of which are displaced upon protein binding, and this is thought to contribute favorably to binding through an increased entropy. This ion condensation around naked DNA and their release upon protein/drug binding is known collectively in the literature as polyelectrolyte effect (1, 49, 79, 108) . Detailed theoretical analyses of free-energy components to binding indicate that enthalpy losses upon ion release override small entropy gain (52, 63, 85) . A structural interpretation of counterion release and its implication to sequence-specific recognition of DNA are far from full comprehension (45, 46, 147) .
Water molecules are observed often at the interface between the two biomolecules in many protein-DNA crystal structures, the classic case being the trp repressor-operator complex (47, 93, 117) . Immobilized waters as extended side chains of proteins strategically located to recognize DNA became an attractive proposal and was invoked quite often in the literature. Waters are versatile in their solvation ability and assigning a specific functional role is difficult, nay, hazardous, especially if the binding process is occurring in aqueous medium. Thermodynamic studies indicate that water release upon binding from the surfaces of nonpolar atoms at the interface (hydrophobic effect) does contribute favorably to the energetics of binding (31, 36, 56, 73, 125) . Sequence dependence in ordered water location at the interface is unclear at this stage. Whether waters could mediate recognition remains a question and this is taken up as the main theme of this review.
Thermodynamic studies, both experimental and theoretical, on protein-DNA complexes dramatically illustrate the necessity to consider the diverse competing effects such as van der Waals (steric complementarity), electrostatics including hydrogen bonding (electrostatic complementarity), adaptation expense, and entropy losses-all of which add up to -9 to -17 kcal (57)-in constructing a structurebased interpretation of binding free energies and hence recognition mechanism in protein-DNA complexes (9, 52, 55, 56, 68) . This view is further strengthened by the observation that hydrogen bonding and hydrophobic interactions alone cannot explain the pattern of evolutionary conservation of base pairs in the binding site, suggesting a cumulative contribution of different types of interactions to specific recognition (84) . The unbound protein and DNA are surrounded by solvent and small ions. Upon binding, the conformations of both protein and DNA may change to accommodate each other either to form hydrogen bonds or to pack well at the interface, and in the process some solvent molecules and small ions may be released. A schematic of the binding reaction is shown in Figure 1 . In a holistic view of DNA-protein recognition, the mechanistic details between the initial and final states are numerous.
Is there a common theme for recognition that is transferable across all specific protein-DNA complexes? Whether there has to be a common mode or a balance between multiple modes for recognition is a moot issue (76) . A new analysis (T. Jain, N. Latha & B. Jayaram, unpublished data) of the pattern of atoms occurring at the interface of 120 protein-DNA complexes resulted in the identification of 11 energetically favorable supramolecular synthons that are transferable across all specific protein-DNA complexes. [A synthon is the smallest substructural unit that contains the maximum structural information and is stabilized by noncovalent interactions (89) ]. These synthons are unique combinations of C, N, and O atoms and account for almost all the observed contacts in protein-DNA complexes. An interpretation of their occurrence in functional terms may call for a new view on intermolecular recognition. Further examination of these ideas is in progress.
WATER AROUND DNA
DNA hydration is the subject of several thorough reviews (2-4, 7, 62, 139). First observed in the minor groove of the d(CGCGAATTCGCG) dodecamer (22, 90) , the spine of hydration seems to be a common feature of the AT-rich regions (62) and is presumed to stabilize the DNA conformation. The discovery of structured water around a B-DNA fragment further catalyzed the quest for understanding DNA hydration at the atomic level. A structural analysis of crystalline CGATTAATCG (106) shows the spine of hydration in the narrow regions of the minor groove of the double-helix and ribbons of water in the wider sections. Similarly, in the structure of crystalline CCAACITTGG (72) the spine appears in the narrow center.
A spine of hydration is also found in the major grooves of Z-DNA duplexes, with water molecules bridging the O 2 atoms of successive cytidines (12, 32) . Analysis on water distributions around phosphate groups revealed that waters are concentrated in six hydration sites per phosphate and that the positions and occupancies of these sites are dependent on the conformation and type of nucleotide (3, 115). A suggestion has also been advanced that ordered water molecules may help establish the identity of tRNAs (112) . Right-handed DNA duplexes assume a B form at high water activity and an A form at reduced levels. A free-energy analysis (54) of molecular dynamics trajectories of A and B forms of DNA in water and in mixed solvent systems modeled in atomic detail revealed that conformational preferences of DNA were due to a fine electrostatic balance between interphosphate repulsions, counterion-DNA attractions, and solvation/desolvation energetics. The "ordered waters" thus may have to be viewed in their energetic perspective.
WATER AROUND PROTEINS
Hydration of proteins observed using crystallographic, NMR, and molecular simulation techniques has been the subject of several excellent reviews (59, 69, 100, 102, 113, 130, 141) . Numerous examples of the structural and functional importance of water around proteins have been reported. Waters are associated with the native structure of the proteins and in many cases they are implicated as having a direct bearing on molecular recognition and catalysis (107) . Structural studies point to a major role for water in protease-inhibitor binding (44) and in antigen-antibody recognition (8) . One of the ordered water molecules seen in the complexes of HIV-protease with peptide ligands has guided the design of a novel tightly bound inhibitor (66) . Water molecules are also crucial in defining the substrate specificity of bacterial arabinose binding protein (107) and glutamate dehydrogenase (127) . Water also plays a catalytic role in the hydrolysis of carboxypeptidase A (43) . Reviewing the status on waters in proteins, Levitt & Park (69) observe that water fills all space not occupied by protein atoms since nature abhors vacuum and that most of the ordered waters on the surface and in narrow crevices are in rapid motion with exchange times less than 100 ps (24, 99), but water molecules in interior cavities exchange more slowly (10 ns to 10 ms).
WATER IN PROTEIN-DNA BINDING
Systematic dehydration analysis of B-DNA suggests that waters from sugars can be removed as also from bases but not from phosphates (25-28, 41, 42, 114, 133, 134, 139) . How proteins accomplish this to achieve specific recognition is one of many interesting questions in the molecular thermodynamics of protein-DNA binding. Water molecules could participate in hydrogen bonding networks that link side chain and main chain atoms with the functional groups on the bases, and the anionic oxygens of the phosphodiester backbone (118) . Macromolecular crystallography provided the necessary supportive view that water molecules could act as major contributors to stability and specificity (47, 117, 145) .
In the structure of trp repressor-DNA complex (93), direct contacts are observed only with the phosphate groups of DNA and these contacts do not seem important for base-sequence recognition. There are, however, three ordered water molecules at the protein-DNA interface that hydrogen bond with base pairs as well as with protein side chains. The bases involved in these water-mediated interactions are among the most important in specifying the repressor's affinity for the operator sequence. NMR studies of the Antennapedia homeodomain indicate that at least two amino acid side chains at the protein-DNA interface are in close proximity to water molecules (30) . The importance of these water molecules for binding and recognition was highlighted by the crystal structure of the paired homeodomain bound to DNA (142) . Remarkably, in this structure, there are 18 ordered water molecules at the protein-DNA interface. Stability and specificity are reported to be conferred by a network of water-mediated protein-DNA hydrogen bonds in estrogen receptor-DNA complex (64) . A large number of water-mediated hydrogen bonds have been reported in the structure of the nucleosome core particle (17) , which apparently provide further stability to direct interactions and enable formation of additional interactions between more distant elements. The binding of an 11-residue β hairpin of Smad3 MH1 in the major groove of DNA is buttressed by seven ordered water molecules (10) . The DNA complex of Hin recombinase DNA binding domain contains two ordered water molecules. Systematic base mutational studies indicate that one of the waters is essential to stable complex formation, and the second plays an auxiliary role (13) . On the basis of structural analysis, an interesting idea that has been advanced is that protein atoms involved in binding to DNA occupy positions normally occupied by water molecules in unbound DNA (145) .
Not all protein-DNA complexes are highly hydrated at the interface. The structure of the TATA box binding protein (TBP) bound to DNA exhibits a hydrophobic interface (61, 91) . TBP interacts along the length of the minor groove of DNA, which is splayed open and curves away from the protein. As the minor groove is normally highly hydrated, many water molecules must be displaced and the driving force for complex formation would seem primarily entropic.
Simulation studies (34, 38, 80, 120, 128, 132, 146) in general have supported the crystallographic/NMR observations on water-mediated hydrogen bonds.
RELATED INFORMATION FROM DRUG-DNA SYSTEMS
Although many protein-DNA contacts are mediated by water-interpreted as a promotional event to increase the effective surface (87)-fewer water-mediated contacts are observed in drug-DNA complexes. Waters are reported to mediate drug-DNA electrostatics in the major groove. High density of waters found in the minor groove in X-ray structures and molecular dynamics simulations is associated only with weakly bound solvent in solution (140) . Other interpretations on role of waters as mediators of electrostatic interactions and screening repulsions between like charges have also been advanced in the context of drug-DNA binding (39) . Thermodynamic studies on drug-DNA complexes indicate that water release is favorable to binding (11, 86 ; S.A. Shaikh & B. Jayaram, unpublished data).
Overall, occurrence of ordered waters in protein-DNA complexes necessitates a molecular explanation for their presence and their implication to protein-DNA recognition.
WATER AS HYDROGEN BOND DONOR AND ACCEPTOR AT INTERFACE
A comprehensive analysis of interfacial water molecules in 109 unique protein-DNA complexes that contact the protein and the DNA simultaneously and could mediate recognition presents a new view on their role in protein-DNA recognition (110) . The interfacial water molecules form a small fraction (6%) of the crystallographically observed waters. Most of these waters occur between negative charges (partial or full) on protein and DNA. Noting that DNA is polyanionic, it is not surprising that a majority of the experimentally observed waters as well as those from molecular dynamics simulations should be located strategically so as to be involved in facilitating binding by screening unfavorable electrostatics. Just about one third of the interfacial waters occur between hydrogen bond donor atoms of protein and acceptor atoms of DNA. These represent cases in which protein atoms cannot reach out to DNA to make favorable hydrogen bond interactions owing to packing/structural restrictions, and interfacial waters could act as linkers, providing an extension to side chains to accomplish hydrogen bonding.
WATER AS FILLER TO MAINTAIN PACKING DENSITIES AT INTERFACE
Density gradients are not sustainable for a system at equilibrium. Local density variations within the solvated macromolecular system could lead to transport of matter (passive transport), manifested via conformational transitions, interactions permitting, or diffusion of solvent. Calculated local densities in protein-DNA complexes in the absence of water are about 0.8 g/ml, but 1.0 g/ml with trapped waters, which is same as that of bulk solvent (110) . During complexation in a solvent medium, large departures from bulk densities are not expected at the interface.
WATER AS BUFFER TO SCREEN UNFAVORABLE ELECTROSTATICS
An atom-wise contact analysis of interfacial waters indicates that waters predominantly interact with acceptor atoms of both protein and DNA (110) . This provides further evidence that interfacial water appears primarily to reduce the electrostatic repulsions between acceptor atoms. Also, among the atoms of the protein, backbone oxygen and the oxygens of the side chains are the main contributors, and in the case of DNA, phosphate oxygens are the principal contributors, with the oxygen as well as the nitrogen of the bases participating equally. The accessible donor atoms on the DNA are few and those on the protein make favorable interactions with DNA any way and hence do not appear to prefer solvation at the interface to any significant extent. This again is an indication of the electrostatic role of the intervening water molecules.
A residue-wise contact analysis indicates that on the protein side Glu and Asp are the main residues interacting with water, followed by Ser, Thr, Asn, and Gln. For DNA, the backbone hydration dominates as expected (110) . This provides an alternative view in favor of the electrostatic buffering action of water.
DNA is characterized by deep potentials in the grooves and high fields near the phosphates (53, 104, 105, 122) . Electrostatic field calculations indicate that waters contacting protein and DNA simultaneously are generally found in regions of higher fields than the rest, and their average orientations are perpendicular to the field. Higher fields in this case imply a stronger repulsive force between the two acceptor atoms of protein and DNA, and perpendicular alignment is expected from both hydrogens of mediating water involved in hydrogen bonding with the acceptor atoms. The waters that do not contact protein and DNA simultaneously show no preferential direction, as the dipole would depend on the type of residues in the vicinity. These observations once again bring to the fore the buffering action of such interfacial waters that occur between acceptor atoms.
In a nutshell, the abovecited data extracted from crystallographic waters lead us to the conclusion that interfacial waters mainly act to decrease the electrostatic repulsions between the electronegative atoms/like charges in protein-DNA complexes, thus favoring binding besides maintaining liquid densities at the interface. Analyses of water behavior in molecular dynamics simulations on 35 systems lead to identical conclusions.
WATER IN THE THERMODYNAMICS OF PROTEIN-DNA BINDING
On the energetic front, both experiment and theory clearly indicate that water release from nonpolar atoms makes a favorable contribution to the binding free energy of protein-DNA complexes (36, 47, 52, 56, 125) . Complex formation between FpG and the THF-containing duplex at 15 o C exhibits an unfavorable association enthalpy ( H = +7.5 kcal/mol) that is more than offset by a favorable association entropy (T S = +17.0 kcal/mol). This, coupled with the large negative heat capacity (−0.67 kcal/deg/mol), is consistent with a significant contribution of water release from the buried nonpolar surface (83) .
Protein-DNA binding in a majority of cases is characterized by favorable Coulomb interactions (direct electrostatics) and unfavorable desolvation electrostatics. The exception to the rule comes from trp repressor-operator, wherein direct electrostatics is unfavorable and desolvation electrostatics is favorable when interfacial waters are not considered (52) . A detailed interaction energy analysis with interfacial waters indicates that direct as well as net electrostatics are favorable in this system. This is a clear case of water-mediated protein-DNA binding, where unfavorable electrostatics is mitigated by interfacial waters. Another example of this is the PvuII-DNA complex (52) .
To better appreciate motif dependence, if any, in protein-DNA binding energetics and the role of solvent in particular, we have computed separately the net electrostatic and nonelectrostatic contributions in ∼100 protein-DNA complexes (A. Das & B. Jayaram, unpublished data). Net electrostatics refers to the sum of direct electrostatic (Coulomb) interactions computed with a dielectric of unity and desolvation expense [solvation energy of the complex − (solvation energy of DNA + solvation energy of the protein)] due to binding. Nonelectrostatic contributions refer to the van der Waals interactions between protein and DNA and a surface area-related cavitation contribution that includes loss in van der Waals interactions of solvent upon binding and a gain due to solvent release from the interface. Additional computational details are provided in References 51 and 52. The net electrostatic and the nonelectrostatic terms for each complex are normalized per monomer of the protein participating in binding and are depicted in Figure 2 .
A clear DNA binding motif separation is discernible (Figure 2 ) when solvation effects are included in a steric versus electrostatic complementarity energy analysis of protein-DNA complexes. The clustering is reflective of a strategy of proteins to optimize both steric and electrostatic interactions to achieve specific binding despite diverse shapes. In addition to the net electrostatics, van der Waals, and cavitation components considered in Figure 2 , other contributions such as small ion effects, deformation expense, and loss in rotational, translational, and vibrational entropies upon binding also add to the net binding free energies. These are computed [A. Das & B. Jayaram, unpublished data] as described in References 51 and 52. Figure 3 depicts a DNA binding protein motif-wise component analysis of the average binding energetics in over 100 protein-DNA complexes. In all cases, van der Waals (packing) and hydrophobic interactions are favorable to binding. The small ion effects are unfavorable as are the deformation and entropic contributions. The net electrostatic interactions, which include direct protein-DNA Coulomb interactions and desolvation contributions, are highly case specific. For leucine zippers and zinc fingers the net electrostatics turns favorable, whereas for enzymes the net electrostatics is unfavorable (Figure 2 ). Removal of charged residues from solvent exposure does cause some concern in this context. Burial of a large number of neutral polar groups/atoms carrying partial charges leads to unfavorable electrostatics, as is the case with enzymes. Energy analyses indicate that basic residues (carrying full charges) lose less owing to desolvation and gain more owing to favorable direct electrostatic interactions with DNA, leucine zippers being a case in point. Analysis of the interfacial residues in terms of those contacting bases versus phosphate backbone reveals that zinc fingers and homeodomains tend to use more basic residues to contact bases than do other motifs.
Water release from interface, in general, is favored by entropic terms and disfavored by enthalpic terms, with the former dominating. Water-mediated interactions would imply the opposite. Localization of water at the interface is unfavorable entropically (23) . Thus the net enthalpy changes due to interfacial waters ( H net = H P-w-D -H P-w -H D-w -H P-D , in which H P-w-D , H P-w , H D-w , and H P-D represent enthalpies associated with protein-DNA interactions in the presence of interfacial waters, protein-interfacial water interactions, DNA-interfacial water interactions, and protein-DNA interactions without interfacial waters, respectively) must be overridingly favorable, which seems unlikely, unless there is a large-scale reduction of repulsive interactions ( H P-D ) between like charges on protein and DNA due to interfacial waters, as is the case with trp repressor-operator and PvuII-DNA complexes.
Water-mediated hydrogen bonds as a mode of recognition de-emphasize somewhat the role of steric complementarities in specific recognition in aqueous media. Even if the surfaces of the interacting molecules are not complementary, solvent water will occupy intervening space anyway. This as a principle for the design of small molecules to bind to proteins or DNA would require some clever strategies.
WATER IN THE KINETICS OF PROTEIN-DNA BINDING
An interesting suggestion advanced by Jen-Jacobson (56, 57) was that proteins could bind to DNA nonspecifically without water displacement, possibly in a three-dimensional diffusion mode (48, 143) , followed by specific binding in a onedimensional sliding motion in which waters are removed to provide room for direct contacts. Further studies of an atomic-level view of the kinetics of binding await.
CONCLUSIONS
Thermodynamic analyses of protein-DNA binding suggest that water release from protein-DNA interfaces is favorable to binding. Structural analyses of the waters remaining at the interface in protein-DNA complexes indicate that a majority of these waters facilitate binding by screening electrostatic repulsions between electronegative atoms/like charges of the protein and the DNA, in addition to maintaining liquid-state densities. A small fraction of the observed interfacial waters act as linkers to form extended hydrogen bonds between the protein and the DNA, compensating for the lack of a direct hydrogen bond.
Because the structures of protein-DNA complexes represent a convolution of folding and binding principles, a code for recognition remained refractory to elucidation. However, since the first crystal structure of a protein-DNA complex reported in 1986 (82), the picture of protein-DNA binding and protein folding and the focus on water inter alia are rapidly growing in detail and are likely to soon unveil the underlying molecular view of DNA recognition. 
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